| INTRODUCTION
Quantitation of valvular regurgitation severity is now standard of care in echocardiography.
1 Visual (qualitative) grading generally overestimates valvular regurgitation in central jets whereas it underestimates regurgitation in eccentric jets. 1 Hence, quantitation of the volume of regurgitant jets by the proximal isovelocity acceleration (PISA) method has been incorporated into routine clinical practice, 1 and the current standard reference grading criteria uses the 2D integrative method incorporating semiquantitative as well as quantitative methods including the PISA method. 1 The advantage of an integrative approach is that it does not rely on any single 2D or Doppler method to grade valve regurgitation as each method is subject to variability; however, it requires time and expertise. 2D PISA often underestimates mitral regurgitation (MR) severity of functional or ischemic etiology due to crescentic as opposed to circular orifice geometry. 2 Conversely, PISA overestimates regurgitation due to mitral valve prolapse and nonoptimal flow convergence. 3 The volumetric Doppler method for MR suffers from geometrical assumptions, measurement variability, and requisite lack of important aortic insufficiency. 4 2D PISA quantitation affects clinical outcome for MR, 5, 6 tricuspid regurgitation (TR), 7 aortic regurgitation (AR), 8, 9 and prosthetic perivalvular regurgitation. 10 Limitations of the 2D PISA method include assessment in a single anatomic plane, nonhemispheric isovelocity shells, asymmetric or eccentric flow convergence, suboptimal convergence and interrogation window, 8 and changes in PISA radius throughout systole 11, 12 for MR, and presence of multiple regurgitant jets. In AR, the presence of valve calcification, acoustic shadowing, and smaller PISA radius as well as obtuse flow convergence may preclude accurate measurement. 9 While flow convergence is better than other echocardiographic methods, prosthetic perivalvular regurgitation in a single plane by 2D color Doppler imaging is underestimated when the jet is circumferential.
To determine the feasibility of the three-dimensional (3D) vena contracta area (VCA) method for regurgitation of all native valves and to determine whether valve location and jet anatomy would make 3D VCA superior to conventional methods, we examined 3D VCA by transesophageal echocardiography (TEE) for mitral, aortic, tricuspid, and prosthetic perivalvular regurgitant jets in comparison with the 2D
PISA method for assessment of valve regurgitation severity. Using the integrative method as the reference standard, we aimed to: (1) examine the diagnostic value of 3D VCA compared to the 2D PISA method in grading valve regurgitation severity; (2) determine the effect of jet shape and jet number on grading of regurgitation severity by 2D PISA and 3D VCA; and 3) further validate the diagnostic accuracy of 3D
VCA for assessment of MR severity.
| METHODS

| Study population
The Institutional Review Board approved the study protocol. Subjects were older than 18 years referred for TEE between January 1, 2014, and February, 15, 2016. Inclusion criteria were presence of mild or greater valve regurgitation on visual evaluation and adequate image quality for regurgitation quantitation by the integrative method.
Exclusion criteria were presence of atrial fibrillation, congenital heart disease, or rheumatic valve disease. 3D data for valvular regurgitation was obtained by a single operator with expertise in 3DTEE. TEE was performed in the inpatient, outpatient, or intra-operative (n=33) settings. A total of 116 valves in 101 patients were studied. 3D VCA data were collected prospectively.
| Demographics
Basic demographic data were collected by retrospective medical record review for age, gender, body mass index, body surface area, systolic and diastolic blood pressure, heart rate, presence of coronary artery disease, prior myocardial infarction, and prior coronary revascularization (either percutaneous coronary intervention or coronary artery bypass grafting).
| Echocardiography
TEE was performed using a Philips iE33 device (Philips Medical Systems, Andover, MA, USA) equipped with a X7-1 (1-7 MHz) matrix array transducer 3D probe.
| 3D VCA acquisition and measurement
2D images of the valve were optimized in the mid-esophageal win- 
visible lack of leaflet coaptation if present on 2D or 3D was measured as vena contracta width in the regurgitation severity assessment. All included cases had two other variable (besides PISA and 3D VCA data when feasible) for the integrative grading approach and were assigned a final regurgitation grade by integrative approach.
| Assigned severity
To assess the correlation of 3D VCA and 2D PISA with the integrative method of valve regurgitation severity, a three-level assigned severity classification system of mild, moderate (including mild to moderate and moderate), and severe (including moderate to severe and severe) was used as the gold standard.
Left ventricular ejection fraction (LVEF) was obtained during TEE by 3D using the four-or six-beat full-volume loop method acquired in the four-, two-, or three-chamber views or biplane Simpson's method.
LV dimensions (systolic and diastolic) and left atrial volume were obtained from a clinically indicted transthoracic echocardiography (TTE) performed within 8 weeks of TEE (mean of 13 days). LV dysfunction (if present and defined as LVEF<0.50) was specified as ischemic or nonischemic in etiology. 
| Statistical analyses
| RESULTS
Demographic and clinical characteristics of all patients are shown in 
T A B L E 1 Demographic and clinical characteristics of the study population
Variable Mean±SD
Number (N) 101
Regurgitant valves 116
Mitral 85 Agreement between 2D PISA EROA and 3D VCA with the integrative method is shown in Table 3 . 2D PISA underestimated approximately half of moderate and a third of severe regurgitation whereas 
| DISCUSSION
The main findings of this study are that (1) 3D VCA measured by TEE is more feasible (91% feasibility) than 2D PISA (78% feasibility) for grading of regurgitant lesions in mitral, tricuspid, aortic, and periprosthetic valvular regurgitation; (2) 3D VCA is superior to PISA method in multiple regurgitant jets; (3) when both methods are feasible, there is good correlation between 3D VCA and 2D PISA for circular jets; however, for noncircular jets, 3D VCA better predicts severity of regurgitation;
and (4) 3D VCA agrees with the integrative method in majority of severe regurgitation unlike 2D PISA which underestimates both moderate and severe regurgitation. This underestimation appeared more in ischemic MR.
The 3D VCA method eliminates geometric and flow assumptions and can be applied regardless of etiology and orifice shape. 13 TTE 3D
VCA has been used for MR, [14] [15] [16] TR, 17,18 AR, 19 and prosthetic perivalvular regurgitation. 20 Studies compared 3D VCA against 2D PISA EROA, 14 angiographic grade, 15 or Doppler-derived EROA by the volumetric method 16 with associated limitations of the reference standard.
Moreover, 3DTTE has limitations of image resolution and lower frame rate. 3DTEE VCA of multiple MR jets was found superior to 2D VC diameter when compared against 3D LV volumes and thermodilutionderived cardiac output in assessing MR severity, 21 and another TEE study found that 3D MR regurgitant volume was comparable to cardiac magnetic resonance (CMR). 22 Altiok et al. 23 found that TEE 3D VCA correlated well with PISA EROA and 2D color Doppler VCA when the regurgitation orifice was central. Our study differs from earlier studies in that we evaluated 3D VCA by TEE to quantitate regurgitation 24 and either low sensitivity or specificity to assess regurgitation severity.
As reported by other investigators, 14 we also found that where both methods were feasible and there was a single regurgitant jet, there was good agreement between 2D PISA and 3D VCA. Even for multiple circular regurgitant jets, the correlation was good. This is likely because we added PISA radii of multiple regurgitant jets. In cases with multiple jets and where both 3D VCA and 2D PISA were feasible, 3D VCA demonstrated superior differentiation of severe from nonsevere regurgitation. This distinction is of course of tremendous clinical importance as it informs therapy. The superiority of 3D VCA appeared to be due to a difference in cases with noncircular jets.
A CMR study showed that the shape of ROA varies by etiology of regurgitation and impacts quantitation accuracy. 25 We found that the majority of jets were circular, elliptical, or crescent shaped (56%), ; however, our study suggests that 3D
VCA may be a more reliable measure in ischemic MR and should be evaluated in a larger cohort. Moreover, the 2D PISA method is known to underestimate AR, 9 suggesting that the 3D method may be more Limitations of our study include use of multiple beats to offset the low frame rate of single-beat 3D images thus using multiple cardiac cycles instead of a single cardiac cycle. Lower frame rate may also lead to lack of identification of the largest VCA although minimal underestimation of jet severity in our study suggests this is not a major issue. Other technical limitations included calcific valve or annular shadowing and tachycardia. In case of lack of clear delineation of VCA boundary, we incorporated the aliased Doppler velocities (light blue and light orange color) within the 3D VC area measurement. Although the 3D VCA cutoff used to define severe MR may not be generalizable to degenerative MR, there was good agreement with the integrative method. We did not apply the integrated method to evaluate valve regurgitation with 3D VCA; however, 3D VCA appears to agree very well with the integrative method in case of MR. Last, the number of regurgitant tricuspid and aortic valves was few in our study, and most of the TR jets were classified as severe. In addition, we had only six F I G U R E 7 Spearman rank correlations between 2D proximal isovelocity acceleration (PISA) vs 3D vena contracta area (VCA), based on jet number and jet shape for all valves. Noncircular shapes include irregular, triangular, crescentic, and elliptical shapes. A. circular shape, 1 jet. B. circular shape, multiple jets. C. noncircular shape, 1 jet. D. noncircular shape, multiple jets prosthetic valves. However, our results did not change after exclusion of nonmitral or prosthetic valves from data analysis (data not shown).
Our findings on the use of VCA for TR and AR jets will need to be evaluated in a larger cohort.
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